We estimate the residue-monomer and residue-residue interaction energies of the collagen-like peptide T3-785, whose triple helix structure is the sequence X-Y-glycine (X, Y are often the imino acids proline and hydroxyproline), considering its full X-ray diffraction crystal structure, including a hydratation layer of 111 water molecules. The computations are performed within the density functional theory (DFT) scope together with a Molecular Fractionation with Conjugate Caps (MFCC) approach. We found that the hydroxyproline and proline residues play a very important role in the stabilization of the T3-785 structure, with the arginine residue in a given peptide chain exhibiting the strongest residue-strand interaction.
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Collagen is an essential component of most tissues in the human body, carrying out important functions such as the preservation of their structure, shape, and physical characteristics. It forms a molecular cable network which strengthens the tendons and sheets that support the skin and the internal organs. As a matter of fact, about 25% of the protein mass of the human body is made from collagen, with 28 collagen types being identified in vertebrates, whose main differences are related with the number and ordering of amino acid residues, as well as the way by which they are associated with each other. Type I collagen is most common in mammals, forming the structure of skin, teeth, bones, corneas and tendons, with approximately 340 amino acid triplets giving rise to a twisted rodlike conformation with length of about 300 nm. It is an extracellular matrix protein, with an essential role in maintaining the architecture of multicellular organisms, as well as important industrial uses such as implants, sutures, leather and prostheses [1] . Thermal stability, mechanical strength, and the ability to be engaged in specific interactions with other biomolecules make collagen fibers important for so many biological organisms. Therefore, the understanding of how such properties are derived from its fundamental structural units requires a comprehensive knowledge of the mechanisms underlying its structure and stability [2] .
Collagen has a triple helix structure consisting of three a chains, each one being formed from a X-Y-Gly (glycine) repeat motif, where the X and Y amino acid residues are often proline (Pro) and hydroxyproline (Hyp), classified as imino acids, respectively [3] . Seven types of collagen (type I, II, III, V, XI, XXIV and XXVII) are capable of assembling into stable fibrils, forming a complex three-dimensional fibrous superstructure. Structurally, type III collagen is a homotrimeric member composed of three a 1 ðIIIÞ chains, resembling other fibril collagens and found in association with type I collagen in areas where extensibility is necessary, such as skin, placenta and blood vessel walls [4] . Fibril forming collagens have a unique cleavage site for matrix metalloproteinases [5] , which is located at about three quarters of the molecular length from the short amino acid-terminal (the so-called N-terminal). It was suggested that an amino acid deficient region (the so-called carboxyl-terminal or C-terminal for short) near the collagenase cleavage site in type III collagen is important for binding and cleavage by this enzyme. The T3-785 peptide was designed to model this region, having the unusual feature of exhibiting several consecutive amino acid triplets with no proline or hydroxyproline residues. Circular dichroism studies showed T3-785 as a trimer, with an equilibrium melting temperature of %20°C, below the melting temperature of 60°C for (Pro-Hyp-GlyÞ 10 [6] . Besides, the T3-785 molecule is rod-shaped, forming a collagen triple helix with three staggered chains. Its residue sequence is formed by three Pro-Hyp-Gly repetitions (N-terminal zone) followed by the sequence Ile-Thr-Gly-Ala-Arg-Gly-Leu-Ala-Gly (central zone, where Ile; Thr; Ala; Arg, and Leu stand for isoleucine, threonine, alanine, arginine and leucine, respectively), ending with four more repetitions of Pro-Hyp-Gly (C-terminal zone). The central region corresponds to the collagenase cleavage site. Figure 1 shows this structure obtained from PDB 1BKV, with the three interlaced monomers designated by the letters a (blue), b (green) and c (yellow) in an aqueous medium. This structure achieves helical stability and displays many of the same overall features observed in the earlier characterization of the helical parameters of collagen and collagen model peptides [7] .
Several experimental approaches have been used to describe the stability of collagen [8, 9] . Molecular dynamics simulations were also employed to study the hydration structure effect on the preservation of collagen structure and the change in the stability of a collagen-like fibril segment, as a result of interaction with water, formaldehyde and gallic acid [10] . The interaction of two pentameric collagen-like bundles was investigated using molecular dynamics simulations [11] , and the stability of the triple helical collagen models was also assessed [12] . Using classical modeling techniques, the folding mechanism of collagen-like peptides was explored, yielding insights into the folding pathway of native collagen and the formation of misfolded structures [13] . It was also shown that atomistic simulations can lead to reliable standard free energy values in aqueous solutions for the transition from dissociated monomers to triple-helical collagen model peptides [14] . The role of hydration in collagen triple helix stabilization was investigated by De Simone et al. [15] , with their results pointing that the mechanism of triple helix stabilization is sequence-dependent. On the other hand, the relationship between interchain salt bridge formation and triple-helical stability was studied using detailed molecular simulations [16] , revealing that not all salt bridges have the same importance for the stabilization process. Finally, a new modeling approach was recently proposed to replicate the supermolecular arrangement of collagen proteins using periodic boundary conditions, with a good agreement with experimental observations, corroborating theories about the fibril's structure [17] , and giving rise to a novel computational model approach to enhance self-assembly and biofunctionalization of collagen peptides [18] .
At the quantum level, the role of various collagen triplets influencing the stability of collagen was investigated through density functional theory (DFT) computations, employing the B3LYP exchange-correlation functional and a 6-31G* basis set [19] , finding that proline can stabilize the collagen triplet only when other residues are in the polyproline II conformation. DFT and ONIOM calculations at the B3LYP/D95(d,p) level and the semiempirical AM1 Hamiltonian were carried out to optimize the geometry of triplehelical collagen-like structures [20] , demonstrating that the glycine residue can act as an D amino acid in the repeating triad X-Y-Gly. The stability of fully optimized collagen triple helices and b-pleated sheets was evaluated using ab initio and DFT calculations to determine the secondary structure preference as a function of the amino acid composition [21] , proving that first principles methods can obtain stability data in full agreement with experiment, and envisaging the applicability of quantum mechanics for molecular design. MP2 and DFT-PBE0 computations, by the way, have been employed to determine the contribution of dipoledipole interactions to the stability of the collagen triple helix [22] , while molecular fragmentation techniques were adopted in combination with pure or hybrid quantum/classical mechanics approaches to obtain interaction energies between collagen strands in favorable comparison with experimental data and other theoretical results [23] . A quantum-mechanical approach was also used to investigate the stability of the hydration layer of tropocollagen (collagen triple helix), determining the stability order of the water binding places [24] .
It is the aim of this letter to present a computer simulation to describe, at the quantum level, the non-covalent interaction energies among the amino acid residues of T3-785, a model collagenlike peptide. The molecular fractionation with conjugated caps (MFCC) scheme, proposed by Zhang and Zhang [25] , is used to compute the interaction energy within the density functional theory (DFT) framework [26, 27] , adopting both the local density approximation (LDA) and the generalized gradiente approximation (GGA) to describe the intermolecular forces. Despite the complexity of the biological system, the rapidly increasing computational power in the past decade, combined with the improvement of methods such as DFT, has allowed the application of quantum mechanics to survey, for example, the structure of proteins and their ligand binding sites [28] [29] [30] .
The X-ray diraction crystal structure of T3-785 with a resolution of 2.0 Å [31] was used to obtain the atomic positions to initialize the calculations aiming to describe the interaction energies between the tropocollagen branches. It also allows one to visualize how the primary sequence of amino acid residues making up collagen fibers produces distinctive local conformational variations in the triple-helical structure. Although a good candidate, however, pure DFT methods seems not ideal to give a good description of systems where non-covalent interactions, such as the van der Waals forces and hydrogen bonds, are present [32] [33] [34] [35] . However, Ortmann et al. [36] , and Grimme [37] recently developed semiempirical approaches to provide the best compromise between the cost of first principles evaluation of the dispersion terms, in order to improve non-bonding interactions in the LDA and GGA description, respectively. The so-called LDA-PWC-OBS and GGA-PBE-GRIMME parametrization of Perdew and Wang [38] and Perdew et al. [39] , respectively, was then adopted here to calculate the interaction energies between the amino acid residues of the T3-785 tropocollagen triple-helical structure. We have used the DMOL3 code [40] together with DFT semicore pseudopotentials and a double numerical plus polarization (DNP) basis set to expand the Kohn-Sham orbitals with an orbital cutoff radius of 3.7 Å. The self-consistent field energy threshold for convergence was set at 10 À6 Ha.
In the first step of the computer simulation, the atomic positions of the non-hydrogen atoms of T3-785 were kept fixed, while hydrogen atoms were placed and their atomic positions optimized using classical molecular mechanics through the consistent valence force field (CVFF), which has parameters specific for amino acids [40] . Afterwards, for each amino acid residue of interest R i , we draw an imaginary sphere with radius equal to 8.0 Å, and evaluate the interaction energy E I ðR i À R j Þ with each residue R j , considering at least one atom inside the sphere. The residues are identified by their names and corresponding chain.
The scheme to compute the residue-residue interaction energies follows the MFCC approach, in which the interaction energy between residue R i and other residue R j was calculated according to:
In the above equation, the C k terms refer to the conjugate caps, which must be chosen carefully to reproduce the local electronic environment of the amino acid residues [41] . In our study, these caps are the residues covalently bound to R k ; C kAE1 ¼ R kAE1 plus hydrogen atoms placed at any dangling bonds. At the right-hand side of Eq. (1), the first term EðC iÀ1 R i C iþ1 C jÀ1 R j C jþ1 Þ is the total energy of the system formed by the two interacting capped residues. The second term, EðC iÀ1 R i C iþ1 C jÀ1 C jþ1 Þ, gives the total energy of the system formed by the capped residue R i and the hydrogenated caps of R j . The third term, EðC iÀ1 C iþ1 C jÀ1 R j C jþ1 Þ is the total energy of the system formed by R j and the set of caps of R i . Finally, EðC iÀ1 C iþ1 C jÀ1 C jþ1 Þ is the total energy of the system formed by the caps only. In order to see the structural stability of the triple helix collagen promoted by intermolecular interactions with this double layer of hydration, the hydrogen bonds were implemented mainly following the data published by Weiss et al. [42] . Thus, we have identified a total of 76 hydrogen bonds mediated by 111 molecules of water involving the T3-785 structure. Afterwards, during the structural cuts resulting from the MFCC methodology, each one of these water molecules were embedded uniquely to the closest T3-785 amino acid, regardless the quantity and diversity of the residues reponsible for the hydrogen bonds.
It is known that the sequence Pro-Hyp-Gly tripeptide unit is very important for the stabilization of a triple-helix. Due to its stabilizing role, the Pro-Hyp-Gly tripeptide was used as a template to host artificial peptide sequences. Water molecules form two hydration shells around these artificial polypeptides due to their interaction with the polypeptide chain through hydrogen bonds [43] . The stability depends partially on the amount of proline (Pro) and hydroxyproline (Hyp) at the X and Y positions of the triplet [44] . Data obtained from the literature on the stability of collagen is used to check the validity of our computation simulation. The primary structure of the triple helix contains a three amino acid repeat (X-Y-Gly), defining a continuous triple helical structure except for their short amino-terminal (N-terminal) and carboxyl-terminal (C-terminal) regions, referred to as the telopeptides. These helical molecules aggregate in a head-to-tail pattern, with partial overlap, forming covalent cross-links and hydrogen bonds, and having a staggered appearance under the microscope. Figure 2 depicts the LDA-PWC-OBS ( Fig. 2A) and GGA-PBE-GRIMME (Fig. 2B) interaction energies between residues of a given strand of T3-785, with all other residues belonging to another strand within an interaction radius of 8 Å. One can note that only 8 (for LDA) and 13 (for GGA) residues are repelled in all strands, with interaction energies between 0 and 44 kcal/mol, namely: contribution to the stability because of its long side chain and charged guanidyl group [3] . At the same time, this residue has up to five potential hydrogen bonding sites, which may connect to several water molecules forming hydrogen bond networks around tropocollagen (see Fig. 3 ). The Hyp residues 38 (LDA: À85.63 kcal/ mol; GGA: À48.35 kcal/mol, relative to the b strand), 62 (LDA: À64.66 kcal/mol; GGA: À39.06 kcal/mol, relative to the c strand), 20 (LDA: À60.68 kcal/mol; GGA: À35.63 kcal/mol, relative to the a strand), 68 (LDA: À52.652 kcal/mol; GGA: À30.26 kcal/mol, relative to the c strand), 80 (LDA: -50.36 kcal/mol; GGA: À33.34 kcal/ mol, relative to the c strand), 8 (LDA: À45.25 kcal/mol; GGA: À27.50 kcal/mol, relative to the a strand), 50 (LDA: À44.68 kcal/ mol; GGA: À28.06 kcal/mol, relative to the b strand), 53 (LDA: À43.32 kcal/mol; GGA: À28.27 kcal/mol, relative to the b strand), and 56 (LDA: À40.69 kcal/mol; GGA: À24.40 kcal/mol, relative to the b strand) are strongly attracted, while the Pro residue pairs 34 (LDA: À18.66 kcal/mol; GGA: À16.81 kcal/mol, relative to the b strand), 19 (LDA: À18.40 kcal/mol; GGA: À15.18 kcal/mol relative to the a strand), 52 (LDA: À16.67 kcal/mol; GGA: À11.67 kcal/mol, relative to the b strand) and 58 (LDA:
À11.44 kcal/mol; GGA: À8.53 kcal/mol, relative to the b strand) are attracted to the other strands in a smaller degree. These results corroborate the critical role played by Hyp and Pro for the triple helix structural stabilization. There are windows of low interaction energy in the Gly-Ile-Thr-Gly and Gly-Leu regions, which may allow some degree of conformational flexibility to the action of collagenase. Adding up the interaction energies for each strand pair, we have found the total interstrand interaction energies with values very close to each other, both in the LDA and in the GGA approaches, namely: À598.86 kcal/mol and 307.86 kcal/mol for a À c; À573.52 kcal/mol and À282,54 kcal/mol for b À c; À608.35 kcal/mol and À311.79 kcal/mol for a À b. Figure 3 shows pairs of separated strands of the tropocollagen peptide, with the neighbor water molecules forming hydrogen bond networks, which affect the stabilization of the triple helix, as well as some of the most important interacting amino acid residues identified from our calculations.
The right-hand side of Figure 4 shows a series of binding site, interaction energy and residues domain (BIRD) pannels. The BIRD pannel depicts, in a concise way, (i) the interaction energy (in kcal/mol) of a pair of amino acid residues, represented graphically by horizontal bars, from which one can visualize the relevance of each pair for the binding between strands, i.e., their effectiveness, whether attracting or repelling each other; (ii) the labels of the interacting amino acid residues, shown in the column at the lefthand side; and (iii) the amount of water molecules took into account to perform the interaction energy calculation, at the righthand side column. Panel A of Figure 4 shows the main interactions involving the Arg14 residue (a strand). Panels (B) and (C) show the BIRD data for the Arg44 and Arg74 main interactions. At the lefthand side, one can see the main amino acid residues interacting with arginine, as well as the water molecules involved in all these interactions.
As one can see from Figure 4A , Arg14 at the a strand has strong negative interaction energy with Leu46 (LDA: À55.21 kcal/mol; GGA: À31.29 kcal/mol) and Ala43 (LDA: À45.26 kcal/mol; GGA: À24.10 kcal/mol), and relatively weak interaction with Arg44 (LDA: 2.87 kcal/mol; GGA: 15.71 kcal/mol), Gly42 (LDA: 4.10 kcal/ mol; GGA: 3.58 kcal/mol) and Thr41 (LDA: 0.91 kcal/mol; GGA: 1.36 kcal/mol. In Figure 4B , the Arg44 residue at the b strand exhibits four attractive interactions with the residues of the c strand, namely, Ala73, Leu76, Ala77, Gly75, and one stronger repulsive interaction with Arg74. In LDA (GGA) calculations, Ala73 and Leu76 are the most important attractive residues, with interaction energies of À34.09 kcal/mol (À17.47 kcal/mol) and À11.35 kcal/ mol (À4.99 kcal/mol), respectively, while the repulsive residue Arg74 has a positive interaction energy of 7.18 kcal/mol (14.53 kcal/mol). Finally, in Figure 4C we present the interaction energies involving the Arg74 residue at the c strand and its closest neighbors belonging to the a strand. In this case, we have six attracting residues, namely: Leu16, Pro19, Hyp20, Gly18, Ala17, Gly15, and the repulsive residue Arg14. Leu16 has a LDA (GGA) interaction energy of about À50.47 kcal/mol (À22.05 kcal/mol), followed by Pro19 with À41.63 kcal/mol (À17.68 kcal/mol). The repulsive interaction energy with Arg14 is 27.71 kcal/mol (26.78 kcal/mol). The large repulsive interactions involving the pairs Arg74-Arg14, Arg44-Arg74 and Arg14-Arg44 seem to be related with the strong charge-charge interaction, as well as the considerable number of water molecules involved, namely 12, 11 and 9 water molecules respectively.
In summary, the MFCC methodology was used within the LDA-PWC-OBS (GGA-PBE-GRIMME) framework to estimate the interaction energies between the amino acid residues and monomers of the collagen-like peptide T3-785. During the crystalizattion process, the peptide leaves its normal physiological environment, and reaches temperatures close to 108 K, producing crystals in this frozen state. We did not take into account variations in this temperature due to the proteins motion, since small variations lead to neglected changes in the interactions energies. Large variations, on the other hand, although implying noticeable changes in the interactions energies, keep the general properties of the protein unchanged. Furthermore, as real proteins are embedded in solvents, we considered the crystal studied here refined in the presence of 111 water molecules. If we remove such molecules, the interaction energies will change considerably. Therefore, knowing the limitation of conventional crystallographic techniques to consider all natural physiological aspects of a protein system, we decided to keep them in our quantum mechanical calculations, despite the higher cost in the computer time. A possible approach to include some of the above effects in the calculation of the interaction energies is to perform a molecular dynamics (MD) simulation, taking some representative snapshots to perform the reported A B C Figure 4 . Left-hand side: amino acid residues interacting with arginines for each monomer of T3-785. Right-hand side: binding site, interaction energy and residues domain (BIRD) graphic pannel showing the most relevant interactions for the GGA (black bars) and the LDA (gray bars) frameworks. (A) Interaction of the Arg14 amino acid at the a monomer with the most relevant amino acid of the b monomer; (B) same for the Arg44 amino acid at the b monomer with the most relevant amino acid of the c monomer and (C) same for the Arg74 amino acid at the c monomer with the most relevant amino acid of the a monomer. quantum mechanics energy calculations. Differently of the quantum simulation, however, the averaged results obtained from the MD one fail to give us the most important amino acids contribution for the collagen stability.
Arginine residues exhibited the strongest residue-strand interaction, with LDA (GGA) interaction energy of À126.28 kcal/mol (À53.39 kcal/mol) between Arg74 and the a strand, and À113.37 kcal/mol (À49.34 kcal/mol) between Arg14 and the b strand, a result probably due to the large number of water molecules with which they form the hydrogen bonds. Windows of low interaction energy occur in the central zone of T3-785, near the cleavage site for collagenase, which can help enzymatic action. Our results confirm that quantum DFT computations are a valuable tool to attain a quantitative evaluation of what are the relative contributions of each amino acid residue for the stabilization of collagen and, lastly, reinforce the essential role of triplets with Hyp (especially) and Pro in keeping the structural integrity of its triple helix.
